Auxin acts synergistically with cytokinin to control the shoot stemcell niche, while both hormones act antagonistically to maintain the root meristem. In aluminum (Al) stress-induced root growth inhibition, auxin plays an important role. However, the role of cytokinin in this process is not well understood. In this study, we show that cytokinin enhances root growth inhibition under stress by mediating Al-induced auxin signaling. Al stress triggers a local cytokinin response in the root-apex transition zone (TZ) that depends on IPTs, which encode adenosine phosphate isopentenyltransferases and regulate cytokinin biosynthesis. IPTs are upregulated specifically in the root-apex TZ in response to Al stress and promote local cytokinin biosynthesis and inhibition of root growth. The process of root growth inhibition is also controlled by ethylene signaling which acts upstream of auxin. In summary, different from the situation in the root meristem, auxin acts with cytokinin in a synergistic way to mediate aluminum-induced root growth inhibition in Arabidopsis.
Introduction
Plants rely on their roots to extract water and nutrients from the soil, making the plasticity of root growth an important adaptive trait [1] [2] [3] [4] . Through changing root architecture, plants adapt to various environmental cues. Aluminum (Al) stress is one of the widespread constraints on crop production in acid soil. Its effect is readily observed from its inhibition of root growth [5, 6] . The root tip, especially the distal part of the root-apex transition zone (TZ), is the primary site of Al injury, which was shown by propidium iodide (PI)-stained dead cells [7] [8] [9] . Though Al is the most abundant metal in the Earth's crust, only when soil pH drops below 5.5, the released Al 3+ in soil solution acts as a limiting factor for plant growth and crop production in most acid soils [10] . Acid soils limit crop production about 30-40% of the world's arable land [11] , and Al toxicity is a major constraint for crop production on 67% of the total acid soil area [12] . Therefore, investigating the molecular mechanism of Al stress-regulated root growth inhibition not only improves our understanding about root growth plasticity under various environmental cues, it also has the potential usage for crop design or breeding in acid soils. Phytohormones are intimately involved in the regulation of root growth in response to a variable environment [7, 13] , and their interaction is fundamental for the control of root development and growth [14] [15] [16] [17] . One of these hormones is cytokinin (CK), which plays an important role in root development [18] [19] [20] [21] . In addition to controlling plant growth and development [22, 23] , CK is also involved in plant growth adaptation to various stresses [24] . The reduced CK content both in A. thaliana ipt (IPT encodes adenosine phosphate isopentenyltransferase) mutants and in over-expressors of CKX1 (encoding a CK oxidase/dehydrogenase) enhances tolerance to both salinity and drought stress [25] [26] [27] [28] . Furthermore, the loss-of-function mutants of CK receptor hybrid histidine protein kinases AHK2, AHK3, and CRE1/AHK4 show a greater tolerance to low temperature, salinity, and drought stress than wild-type (WT) plants [29, 30] . Mutants involving the loss of function of certain type-A ARABIDOPSIS RESPONSE REGULATORs (ARRs), such as arr5, arr6, and arr7 mutants, are more tolerant than WT to lowtemperature stress [29] , while type-B ARR mutants, such as the arr1 arr12 double mutant, are better able to withstand salinity stress [31] . It seems that the repression of CK response, and thus CK signaling, is essential for plants to cope with drought stress, and three histidine phosphotransfer proteins (AHPs) such as AHP2, AHP3, and AHP5 control drought response in both abscisic acid (ABA)-dependent and ABA-independent manners [32, 33] .
The cross talk between CK and auxin regulating root development has been widely studied over the years [34] . Auxin acts antagonistically to CK to control root meristem size [19] . The CK-responsive transcription factors ARR1 and ARR12 act to activate SHY2 in the root-apex transition zone (TZ), which then negatively regulates PIN genes encoding auxin transport facilitators, thus crosslinking with auxin signaling to regulate root growth [20, 35] . In the root, the CK-responsive transcription factor ARR1, which controls polar auxin transport via the down-regulation of the auxin influx carrier LIKE AUXIN RESISTANT 2 (LAX2), mediates CK signaling to attenuate auxin response in the quiescent center (QC) and divisions in QC cells [21] . In root stem-cell specification during zygotic embryogenesis, auxin also antagonizes CK signaling through direct transcriptional activation of CK signaling repressors of ARR7 and ARR15 [36] . Consistent with the opposite role of cytokinin in root and shoot meristem maintenance [37] , the interaction between auxin and CK also differs in the activity of the apical meristems in the root and shoot. Auxin acts synergistically with CK through direct transcriptional repression of ARR7 and ARR15 in the control of shoot apical meristems [38] . CK also regulates root growth through ethylene signaling. CK-inhibited root elongation is partially blocked by the action of ethylene inhibitors or in the ethylene-resistant mutants ein1-2 (ethylene insensitive 1) and ein2-1 (ethylene insensitive 2) [39, 40] . CK affects root elongation through ethylene signaling, whereas CK controls the root meristem size and also involves ethylene-independent modulation of polar auxin transport [41, 42] .
Hormone-regulated root growth is not only affected by responding to endogenous developmental signals, but also by mediating environmental stress cues such as aluminum (Al) stress. Phytohormones are known to be involved in the Al stress-induced inhibition of root growth [7, [43] [44] [45] . In A. thaliana, ethylene regulates the synthesis of auxin in the root-apex TZ [7] and its transport within the root tip [44] . Elevated auxin levels enhance the sensitivity of root growth to Al stress by compromising Al detoxification [45] . In bean (Phaseolus vulgaris), cross talk between abscisic acid (ABA), ethylene, and CK has been proposed to regulate primary root growth under both Al and drought stress [46] . Here, the role of CK and its interplay with auxin in the control of root growth in Al-stressed A. thaliana seedlings have been clarified.
Results

CK enhances the Al stress-induced inhibition of root growth
To identify a possible role for CK in Al-induced inhibition of root growth, we performed experiments via manipulating CK levels or CK signaling through exogenous 6-benzylaminopurine (BA) application and loss-or gain-of-function lines (Fig 1A-F) . Low levels of BA (< 1 nM) had no effect on the primary root growth of plants, which was only slightly but significantly inhibited (~7%) at a concentration of 2 nM (Fig 1B) . Exposure to 5 lM Al in the absence of BA induced a~20% decrease in root growth, while in the presence of BA, the extent of the inhibition rose in line with the concentration of BA (Fig 1A and B) . Treatment with < 4 lM Al stimulated root growth, but when combined with 2 nM BA, the stimulation was less evident and turned to root growth inhibition in the presence of 4 lM Al (Fig 1C) .
Next, compared with WT seedling root growth, the ckx3-1 mutant, which has increased CK levels, was more sensitive to Al stress (Fig 1D) . The root growth of the CK receptor single mutants ahk3 and cre1-12 and the double-mutant cre1 ahk3 did not show clear phenotypes under Al stress. In contrast, the ahk2 singlemutant, the cre1 ahk2 double-mutant, which have defects in CK signaling, and the ipt5 ipt7 double-mutant seedlings, which have defects in CK biosynthesis, were more resistant to Al stress ( Fig 1E  and Appendix Fig S1) . Similarly, root growth in response to Al stress of type-B ARR mutants, such as arr1-3, arr12-1, and the arr1 arr12 double mutant, was similar to that of WT (Fig 1F) . In contrast, the arr1 arr10 arr12 triple mutant was more resistant and the 35S pro : ARR1-HA and 35S pro :ARR12-Myc lines were more sensitive to Al stress ( Fig 1F) . Together, these results suggest that CK enhances the Al-induced inhibition of root growth.
CK signaling is enhanced in the root-apex TZ by Al stress
To evaluate whether Al stress influences CK signaling, a robust and sensitive CK synthetic sensor TWO COMPONENT SIGNALING SENSOR new (TCSn):GREEN FLUORESCENT PROTEIN (GFP) (TCSn: GFP) [47] was employed to monitor CK signaling in root tips of Altreated seedlings. After a 2-h exposure to 25 lM Al, an elevated TCSn:GFP signal was detected in the root-apex TZ epidermis and cortex (Fig 2A and D) , the major perception sites of Al toxicity [48] . The Al stress-induced local up-regulation of CK response in the root TZ was also confirmed by two other CK-induced genes, ARR3 and ARR4. After a 2-h exposure to 25 lM Al, a strong elevated GFP signal of ARR3 pro :GFP and ARR4 pro :GFP was detected in the rootapex TZ epidermis and cortex (Fig 2B, C, E and F). The above observations implied that Al stress induced a local CK response in the root-apex TZ, thereby compromising root growth. Decreasing the pH of the medium from 5.5 to 4.5 or treating with other ions (such as Cd Figs S2 and S3) , implying that the local induction of CK signaling in the root TZ was specific to Al stress, and not protons or ions in general. Furthermore, the induction of CK response in the root TZ by Al stress is dependent on the concentration of Al 3+ in the hydroponic medium since it took around 12 h before we could detect a clear ARR4 pro :GFP signal in the root TZ following treatment with 6 lM Al (Appendix Fig S4) .
To address whether Al stress also regulates type-B ARR expression, we also examined the expression of ARR1, ARR10, and ARR12 under Al stress. In response to Al stress, a strongly elevated GFP signal was observed in the root-apex TZ after a 2-h exposure of ARR1 pro :GFP, ARR10 pro :GFP, and ARR12 pro :GFP transgenic seedlings to Al stress (Appendix Fig S5A-F) . This result was also confirmed by qRT-PCR analysis, which showed that ARR1, ARR10, and ARR12 expression was significantly induced in root tips under Al stress (Appendix Fig S5G) . These results indicate that Al stress also induces the up-regulation of CK signaling components besides the synthetic related genes in root TZ. A-C Root growth of WT seedlings subject to Al stress with or without BA. The WT seedlings were exposed to 0 or 5 lM AlCl 3 in the presence of 0-2 nM BA (A, B) or 0-6 lM AlCl 3 in the presence of 0 or 2 nM BA (C) for 7 days. The data are shown as mean AE SD (n = 3). In (B) and (C), *, **, and ***: means AlCl 3 treatment (B) or BA treatment (C) differ significantly at, respectively, P < 0.05, P < 0.01, and P < 0.001 (t-test). At least 60 seedlings were analyzed from three biological repeats. D-F Root growth of the WT and the selected CK biosynthetic and signaling mutants after a 7-day exposure to 0 and 6 lM AlCl 3 . The data are shown as mean AE SD (n = 3). *, **: means differ significantly within the WT and mutants or over-expression lines at, respectively, P < 0.05 and P < 0.01 (t-test). At least 60 seedlings were analyzed from three biological repeats (around 20 seedlings for each repeat).
Al-induced CK responses in the root-apex TZ and the resultant root growth inhibition are dependent on auxin signaling
Auxin has been shown to play an important role in Al-induced root growth inhibition and, as generally accepted, to act antagonistically with CK to control root development [7, 19] . To test whether auxin participated in the regulation of the Al stress-induced CK response in the root-apex TZ, we first examined the expression of TCSn:GFP in yuc1D (yucca1D) or arf7 arf19 (AUXIN RESPONSE FACTOR 7/19) mutants which display increased auxin levels or reduced auxin signaling, respectively. The results showed that the Al stress-induced TCSn:GFP signal produced in the root TZ was remarkably enhanced in the yuc1D mutant, while it was highly attenuated in the arf7 arf19 double mutant (Fig 3A and B) . Furthermore, the role of auxin in the regulation of the Al stressinduced CK response in the root-apex TZ was also examined by exposing the roots to either auxin 1-naphthalene acetic acid (NAA) or the auxin antagonist a-(phenylethyl-2-one)-indole-3-acetic acid (PEO-IAA). In the presence of Al stress, the NAA co-treatment enhanced, while the PEO-IAA co-treatment suppressed the upregulation of TCSn:GFP (Fig 3C and D , and Appendix Fig S6) . However, the Al stress-induced local auxin response, which was shown by DR5rev:GFP in the root-apex TZ, was unaffected by the co-treatment with BA (Appendix Fig S7) . The inhibition of root growth induced by Al stress was stronger in NAA-treated than in non-treated seedlings, while auxin-enhanced root growth inhibition in response to Al stress was less obvious in the arr1 arr10 arr12 triple mutant (Fig 3E) . In contrast, the alleviated root growth inhibition by the PEO-IAA co-treatment in response to Al stress was significantly reduced by the BA co-treatment (Fig 3F) . The BA-enhanced root growth inhibition in response to Al stress (Fig 1) was still observed in the taa1-1, slr-1, arf7 arf19, and arf10 arf16 mutants, which were defective in auxin biosynthesis or auxin signaling [49] [50] [51] (Fig 3G) . All these results suggest that CK acts as a downstream signal of auxin in the regulation of the Al stress-induced inhibition of root growth. A-F The expression of TCSn:GFP, ARR3pro:GFP, and ARR4pro:GFP in response to AlCl 3 stress is detected in the epidermis (A-C) and cortex (D-F) of root-apex. Six-day-old seedlings were exposed or not (control) to 25 lM AlCl 3 for 2 h. Cell boundaries appear red following propidium iodide staining. The root-apex TZ is marked by yellow arrowheads. Scale bar: 100 lm. Al-induced CK responses in the root-apex TZ and the resultant root growth inhibition are regulated by ethylene
EMBO reports
Ethylene has been shown to respond to Al stress and control root growth through the regulation of both TAA1-and YUC-mediated local auxin biosynthesis in root tips [7, 52] . Therefore, we also investigated the role of ethylene in the Al-induced local CK responses in the root-apex TZ. To this end, we analyzed the local TCSn:GFP induction in response to Al in eto1-2 (ethylene-overproducer) single [53] and ein3 eil1 double mutants (ethylene insensitive) [54] ( Fig 4A) . This revealed that the strong Al stress-induced TCSn:GFP signal produced in the TZ was remarkably enhanced in the eto1-2 mutant and attenuated in the ein3 eil1-1 double-mutant background ( Fig 4A) . Subsequently, treatments with the precursor of ethylene biosynthesis 1-aminocyclopropane-1-carboxylic acid (ACC) or the inhibitor of ethylene biosynthesis aminoethoxyvinylglycine (AVG) in Al stress conditions were conducted to confirm the role of ethylene in Al-induced CK responses in the root-apex TZ. The results showed that ACC strongly enhanced the TCSn:GFP signal in the root-apex TZ, while AVG attenuated it in both the epidermis and the cortex (Fig 4A and B, and Appendix Fig S8) . Taken together, our results imply that the Al stress-induced CK response in the root-apex TZ is dependent on ethylene, with CK acting downstream of ethylene.
Consistently, when both WT and the arr1 arr10 arr12 triple-mutant seedlings were subjected to Al stress in the presence of ACC, the ACCenhanced root growth inhibition in response to Al stress was less obvious in the arr1 arr10 arr12 triple mutant ( Fig 4C) . This suggests that CK acts downstream of ethylene to regulate the Al stress-induced root growth inhibition. Further supportive evidence was obtained from the co-treatment of the ein3 eil1-1 mutant seedlings with BA in response to Al stress. The results showed that exposure to BA still significantly strengthened the Al stress-induced root growth inhibition in ein3 eil1-1, as it did that of WT seedlings (Fig 4D) .
The ethylene-enhanced CK response in the root-apex TZ and inhibition of root growth under Al stress are regulated by auxin
Since Al-induced CK responses and root growth inhibition are regulated by both auxin and ethylene, we investigated the relationship between these two hormones in this process. The results showed that, in the presence of Al stress, ACC co-treatment strongly enhanced the TCSn:GFP signal in the root-apex TZ, while the PEO-IAA co-treatment strongly suppressed it (Fig 4B and Appendix Fig  S8) . The down-regulation of TCSn:GFP imposed by the PEO-IAA treatment was not fully reversed by adding ACC (Fig 4B and Appendix Fig S8) . The ACC treatment inhibited root growth by ◀ Figure 3 . Al stress-induced up-regulation of CK response in the root-apex TZ and inhibition of root growth are regulated by auxin.
A Six-day-old TCSn:GFP, TCSn:GFP/yuc1D, TCSn:GFP/arf7 arf19 seedlings were exposed or not (control) to 25 lM AlCl 3 for 2 h. Cell boundaries appear red following propidium iodide staining. The TZ is marked by yellow arrowheads. Scale bar: 100 lm. The detected fluorescence region in (B) is marked by white rectangles. B Quantification of the Al-induced fluorescence intensity in the TZ of TCSn:GFP, TCSn:GFP/yuc1D, TCSn:GFP/arf7 arf19 seedlings. The data are shown as mean AE SD (n = 15) with one-way ANOVA and Tukey's test. Different letters indicate significant differences (P < 0.01). C The expression of the TCSn:GFP transgene in the epidermis of root-apex TZ in the presence of Al with NAA or PEO-IAA co-treatments. Four-day-old transgenic TCSn:
GFP seedlings were pre-treated without or with 100 nM NAA for 2 days; then, the seedlings were continuously treated for 2 h with 0 or 25 lM AlCl 3 in the presence of either 100 nM NAA or 15 lM PEO-IAA. Cell boundaries appear red following propidium iodide staining. The root-apex TZ is marked by yellow arrowheads. Scale bar: 100 lm. The detected fluorescence region in (D) is marked by white rectangles. D Quantification of the Al-induced fluorescence intensity in the TZ of TCSn:GFP seedlings in the presence of NAA or PEO-IAA co-treatments. The data are shown as mean AE SD (n = 15) with one-way ANOVA and Tukey's test. Different letters indicate significant differences (P < 0.01). E Root growth of WT and the arr1 arr10 arr12 triple mutant in the presence of 6 lM AlCl 3 with or without 2.5 nM NAA for 7 days. F Root growth of WT seedlings after exposure to 6 lM AlCl 3 with or without 2 nM BA or 0.5 lM PEO-IAA for 7 days. G Root growth of WT seedlings and various mutants in the presence of 6 lM AlCl 3 for 7 days with or without 2 nM BA.
Data information: In (F) black **, ***: means differ significantly in the presence of AlCl 3 , BA, or/and PEO-IAA treatments at, respectively, P < 0.01 and P < 0.001; red **: means differ significantly within PEO-IAA and BA plus PEO-IAA in the presence of AlCl 3 treatment at P < 0.01. In (E) and (G), the data are shown as mean AE SD (n = 3). *, **, and ***: means differ significantly within NAA or BA co-treatment in the presence of AlCl 3 at, respectively, P < 0.05, P < 0.01, and P < 0.001 (t-test). In (E), n.s.: not significant. In (F), percentage represents the difference of indicated bars by black line. At least 60 seedlings were analyzed from three biological repeats (around 20 seedlings for each repeat). A Six-day-old TCSn:GFP, TCSn:GFP/eot1-2, TCSn:GFP/ein3 eil1-1 seedlings were exposed or not (control) to 25 lM AlCl 3 for 2 h. Cell boundaries appear red following propidium iodide staining. The TZ is marked by yellow arrowheads. Scale bar: 100 lm. B The expression of the TCSn:GFP transgene in the epidermis of root-apex TZ in the presence of AlCl 3 plus AVG, ACC, PEO-IAA or ACC and PEO-IAA co-treatments. Fourday-old transgenic TCSn:GFP seedlings were pre-treated without or with 1 lM AVG or 1 lM ACC for 2 days; then, the seedlings were continuously treated without or with 1 lM AVG, 1 lM ACC, 15 lM PEO-IAA, or 1 lM ACC plus 15 lM PEO-IAA in the absence or presence of 25 lM AlCl 3 for 2 h. Control: non-treated plants. Cell boundaries appear red following propidium iodide staining. The root-apex TZ is marked by yellow arrowheads. Scale bar: 100 lm. C Root growth of the WT seedlings and the arr1 arr10 arr12 mutant was affected by a 7-day exposure to 6 lM AlCl 3 with or without 50 nM ACC. ***: means differ significantly with ACC co-treatment in the presence of AlCl 3 , P < 0.001 (t-test). n.s.: not significant. D Root growth of the WT seedlings and the ein3 eil1-1 mutant was affected by a 7-day exposure to 6 lM AlCl 3 with or without 2 nM BA. **: means differ significantly with BA co-treatment in the presence of AlCl 3 , P < 0.01 (t-test). n.s.: not significant. E Root growth of WT seedlings following a 7-day exposure to 6 lM AlCl 3 in the absence or presence of 50 nM ACC or/and 0.5 lM PEO-IAA. Black **, ***: means differ significantly in the presence of AlCl 3 , ACC, or/and PEO-IAA at, respectively, P < 0.01 and P < 0.001 (t-test); red *: means differ significantly within PEO-IAA and ACC plus PEO-IAA in the presence of AlCl 3 treatment at P < 0.05.
▸
Data information: In (C-E), the data are shown as mean AE SD (n = 3). In (E) percentage represents the difference of indicated bars by black string. At least 60 seedlings were analyzed from three biological repeats (around 20 seedlings for each repeat). Zhong-Bao Yang et al Auxin and CK co-regulate root growth under Al EMBO reports ~20%, while the reduction was only~12% in the presence of PEO-IAA (Fig 4E) . Overall, our results suggested that disrupting auxin signaling attenuated the ACC-intensified CK response in the rootapex TZ and Al stress-induced root growth inhibition.
EMBO reports
IPTs are locally induced in the TZ by Al stress and regulate the Al-induced root growth inhibition
To investigate whether the Al-induced local CK response in the TZ is the result of local biosynthesis of CK, we first examined the effect of Al stress on the spatial expression of IPTs, which encodes the key enzymes of cytokinin biosynthesis, by using IPT1 pro :GFP, IPT2 pro : GFP, IPT3 pro :IPT3-GFP, IPT5 pro :GFP, IPT7 pro :GFP, IPT9 pro :GFP transgenic lines. The expression of these transgenes was not detected in the root-apex TZ; however, a clear GFP signal was observed in the root TZ of these transgenic seedlings after a 2-h exposure to Al stress ( Fig 5A and Appendix Fig S9A) .
To further clarify whether CK biosynthesis is involved in the regulation of Al-induced root growth inhibition, we examined the phenotypes of mutants which have defects in IPT-regulated CK biosynthesis [26] . The single ipt3-2, ipt5-2, and ipt7-1 mutants did not show a significant difference (Fig 5B and Appendix Fig S9B) . In contrast, the ipt3 ipt7 and ipt5 ipt7 double mutants and especially the quadruple ipt1 ipt3 ipt5 ipt7 mutant showed a significant reduction in the root growth inhibition compared to the WT control in response to Al stress (Fig 5A) . However, only the ipt1 ipt3 ipt5 ipt7 mutant displayed root length phenotype without Al stress (Appendix Fig S9B) . These results suggest that Al stress induces a local up-regulation of IPTs, and thus CK production in the TZ, leading to root growth inhibition.
The local up-regulation of IPTs induced by Al stress in the rootapex TZ and root growth inhibition are regulated by auxin
To study the role of auxin in Al-induced local up-regulation of IPTs in the root TZ, we examined the local variation of IPT1 pro :GFP, IPT5 pro :GFP, IPT7 pro :GFP expression in response to Al stress in the root TZ of the arf7 arf19 double mutant. This revealed that the Al stress-induced IPTpro:GFP signals in the root TZ were remarkably attenuated in the arf7 arf19 double mutant (Fig 6A and B) A The expression of the IPT1 pro :GFP, IPT3 pro :IPT3-GFP, IPT5 pro :GFP, and IPT7 pro :GFP transgenes in the epidermis of root-apex TZ after a 2-h exposure to 25 lM AlCl 3 . Cell boundaries appear red following propidium iodide staining. The root-apex TZ is marked by yellow arrowheads. Scale bar: 100 lm. B Relative primary root growth of the WT and IPT mutants as affected by a 7-day exposure to 6 lM AlCl 3 . The data are shown as mean AE SD (n = 3). * and **: means differ significantly within the WT and mutants at, respectively, P < 0.05 and P < 0.01 (t-test). At least 60 seedlings were analyzed from three biological repeats (around 20 seedlings for each repeat). A Six-day-old IPT1 pro :GFP, IPT1 pro :GFP /arf7 arf19, IPT5 pro :GFP, IPT5 pro :GFP /arf7 arf19, IPT7 pro :GFP, and IPT7 pro :GFP /arf7 arf19 seedlings were exposed or not (control) to 25 lM AlCl 3 for 2 h. Cell boundaries appear red following propidium iodide staining. The TZ is marked by yellow arrowheads. Scale bar: 100 lm. The detected fluorescence region in (B) is marked by white rectangles. B Quantification of the Al-induced fluorescence intensity in the TZ of IPT1 pro :GFP, IPT1 pro :GFP /arf7 arf19, IPT5 pro :GFP, IPT5 pro :GFP /arf7 arf19, IPT7 pro :GFP, and IPT7 pro :GFP / arf7 arf19 seedlings. Cell boundaries appear red following propidium iodide staining. The data are shown as mean AE SD (n = 15) with one-way ANOVA and Tukey's test. Different letters indicate significant differences (P < 0.01). C Root growth of the WT and the ipt5 ipt7 mutant as affected by a 7-day exposure to 6 lM AlCl 3 with or without 2.5 nM NAA. The data are shown as mean AE SD (n = 3). * and ***: means differ significantly in the presence of AlCl 3 and NAA treatment at, respectively, P < 0.05 and P < 0.001 (t-test). At least 60 seedlings were analyzed from three biological repeats (around 20 seedlings for each repeat).
ª 2017 The Authors EMBO reports Zhong-Bao Yang et al Auxin and CK co-regulate root growth under Al EMBO reports indicated the critical role of the auxin response factors ARF7 and ARF19 in the local up-regulation of IPTs induced by Al stress in the root-apex TZ. Al stress-induced local up-regulation of ARF7 pro: GFP in the root-apex TZ, which was also confirmed by qRT-PCR analysis, further supported its role in this process (Appendix Fig S10) . Next, we examined the Al-induced local up-regulation of IPT1 pro : GFP, IPT2 pro :GFP, IPT3 pro :IPT3-GFP, IPT5 pro :GFP, IPT7 pro :GFP, IPT9 pro : GFP expression in combination with NAA or PEO-IAA co-treatment. No clear changes in GFP expression strength and pattern were detected under either NAA or PEO-IAA treatment. However, the Al-induced local up-regulation of IPTpro:GFP signals were strongly enhanced by NAA co-treatment while they were greatly repressed by PEO-IAA (Appendix Fig S11) . To test the role of IPTs in auxinenhanced root inhibition under Al stress, we examined the phenotype of the ipt5 ipt7 double mutant. This revealed that NAA-enhanced root growth inhibition in response to Al stress was strongly attenuated in the ipt5 ipt7 mutant (Fig 6C) . The results suggest that auxin controls the Al-induced root growth inhibition through the up-regulation of IPTs and CK responses in the root-apex TZ.
Ethylene acts upstream of auxin to regulate Al-induced local upregulation of IPTs in the root-apex TZ and root growth inhibition under Al stress
To study whether the Al-induced local up-regulation of IPTs in the root TZ is regulated by ethylene, we examined the local variation of IPT1pro:GFP, IPT5pro:GFP, IPT7pro:GFP transgenic line expression in the root TZ of the ein3 eil1-1 double mutant under Al stress (Fig 7A) . The results showed that strong Al-induced IPTpro:GFP signals in the root TZ were remarkably attenuated in the ein3 eil1-1 double mutant (Fig 7A and B) . Next, we analyzed Al-induced local up-regulation of IPT1pro:GFP, IPT2pro:GFP, IPT3pro:IPT3-GFP, IPT5pro:GFP, IPT7pro:GFP, IPT9pro:GFP expression in the root TZ in combination with ACC or AVG co-treatment. We detected no changes in GFP expression strength and pattern under either ACC or AVG treatment (Appendix Fig S12) . The Al-induced local up-regulation of IPTpro:GFP signals was strongly enhanced by ACC co-treatment while it was greatly repressed by AVG (Appendix Fig S12) . Furthermore, the ACC-enhanced local induction of IPTpro: GFP signals in the root-apex TZ in response to Al stress was strongly suppressed by the PEO-IAA co-treatment (Appendix Fig S13) . In contrast, obvious IPT5pro:GFP and IPT7pro:GFP expression was still observed in the ein3-1 eil1-1 background under Al together with auxin treatment (Appendix Fig S14) . Taken together, this suggests that the ethylene-regulated local up-regulation of IPTs is an auxindependent process. Root growth analysis showed that ACC treatment did not affect or slightly enhanced the root growth inhibition in the ipt5 ipt7 double-mutant compared to the WT seedlings, in which the root growth inhibition by Al was greatly intensified by ACC (Fig 7C) . In summary, the results above suggest that both ethylene and auxin control the Al-induced root growth inhibition through the up-regulation of IPTs and CK responses in the root-apex TZ, with auxin acting downstream of ethylene in this process.
ARF7 regulates the expression of IPT5 and IPT7
As mentioned above, the local up-regulation of IPTs in response to Al stress is remarkably attenuated in the arf7 arf19 double mutant, suggesting that IPTs might be transcriptionally regulated by auxin response factors ARF7 and ARF19. Consistently, the typical auxin response elements (AuxREs), including TGTC, TGTCTC, TGTCGG, and their reverse complement sequence, were found within the promoter sequence of IPT1, IPT5, and IPT7 (Fig 8A) . A yeast onehybrid analysis showed that ARF7 bound to the IPT5 and IPT7 promoters (Fig 8B) , suggesting a direct regulation of IPTs by ARF7. This was also confirmed by a chromatin immunoprecipitationquantitative PCR (ChIP-qPCR) assay, which showed a clear association of ARF7 protein with the IPT7 promoter via AuxREs (Fig 8D) . Furthermore, we conducted transient dual-luciferase assays to test whether ARF7 regulates IPT expression. The results showed that over-expression of ARF7 highly increased the luciferase activity of the IPT5 and IPT7 reporters as compared with the empty vector control, especially in the presence of Al stress (Fig 8C) . Taken together, these results indicate that ARF7 proteins directly bind to the promoters of IPT5 and IPT7 and positively regulate the transcription of these genes, thus mediating auxin-regulated local CK biosynthesis and root growth inhibition in response to Al stress.
Discussion
Although it has become clear that several phytohormones, such as auxin, ABA, and ethylene, play a part in the regulation of Al stressinduced root growth inhibition [7, 44, 55] , until now, the participation of CK has not been established. CK is a key regulator of a range of plant responses to environmental stress [32, 56, 57] . Here, it has been shown that local up-regulation of CK response in the root-apex TZ, which is dependent on IPT-mediated CK biosynthesis, plays an important role in the Al stress-induced root growth inhibition.
IPTs are responsible for the first step in CK synthesis [23, 58] , while CKXs act as an irreversible degrader of CK [59] . The root growth of mutants defective in either CK synthesis (ipt3 ipt7; ipt5 ipt7; and ipt1 ipt3 ipt5 ipt7) or signaling (the arr1 arr10 arr12 triple mutant, ahk2-2, and the cre1 ahk2 double mutant) showed a reduced sensitivity to Al stress (Figs 1E-F and 5B, and Appendix Fig S1) . However, the ckx3-1 mutant was more sensitive (Fig 1D) . Using either PEO-IAA to block auxin signaling or disruption of auxin response factors ARF7 and ARF19 in arf7/19 greatly attenuated the up-regulation of IPTs and CK response in the rootapex TZ and alleviated the Al-induced inhibition of root growth (Figs 3 and 6A and B, and Appendix Fig S11) . The externally applied auxin (NAA) treatment strongly enhanced root growth inhibition in response to Al stress; however, this enhancement was less obvious in the ipt5 ipt7 double mutant and arr1 arr10 arr12 triple mutant (Figs 3E and 6C ). In addition, BA-induced inhibition of root growth in Al-stressed seedlings was not affected by disrupted auxin signaling (Fig 3F and G) . The inference is that the Al stress-induced up-regulation of IPTs causes enhanced CK response in the root-apex TZ and inhibition of root growth with CK acting downstream of auxin. In this study, we mainly focused on ARF7 to address the direct role of ARF7-mediated auxin signaling to control the expression of IPTs. In the ChIP-qPCR analysis, we confirmed the association of ARF7 with the promoter of IPT7, but not of IPT5 or other IPTs which could be induced by Al stress (Fig 5A and Appendix Fig S9A) . In protoplasts, we detected that only IPT5 and IPT7 promoters respond to ARF7 expression. This A Six-day-old IPT1 pro :GFP, IPT1 pro :GFP/ein3 eil1-1, IPT5 pro :GFP, IPT5 pro :GFP/ein3 eil1-1, IPT7 pro :GFP, and IPT7 pro :GFP/ein3 eil1-1 seedlings were exposed or not (control) to 25 lM AlCl 3 for 2 h. Cell boundaries appear red following propidium iodide staining. The TZ is marked by yellow arrowheads. Scale bar: 100 lm. The detected fluorescence region in (B) is marked by white rectangles. B Quantification of the Al-induced fluorescence intensity in the TZ of IPT1 pro :GFP, IPT1 pro :GFP/ ein3 eil1-1, IPT5 pro :GFP, IPT5 pro :GFP /ein3 eil1-1, IPT7 pro :GFP, and IPT7 pro :GFP / ein3 eil1-1 seedlings. Cell boundaries appear red following propidium iodide staining. The data are shown as mean AE SD (n = 15) with one-way ANOVA and Tukey's test. Different letters indicate significant differences (P < 0.01). C Root growth of the WT and the ipt5 ipt7 mutant was affected by a 7-day exposure to 6 lM AlCl 3 with or without 50 and 75 nM ACC. The data are shown as mean AE SD (n = 3). *, **, and ***: means differ significantly within ACC treatment in the presence of AlCl 3 in the WT (dark red) or ipt5 ipt7 mutant (orange) at, respectively, P < 0.05, P < 0.01, and P < 0.001 (t-test). At least 60 seedlings were analyzed from three biological repeats (around 20 seedlings for each repeat). A Promoter structure of the IPT genes (IPT1, IPT5, and IPT7) and fragments used in the ChIP assay. The auxin response elements (AuxREs) TGTC, TGTCGG, and TGTCTC on sense strand of the IPT promoters (IPT1, IPT5, and IPT7) are indicated as green, blue, and yellow bars, respectively. The antisense strand AuxRE elements, GACA and GAGACA, are indicated as pink and red bars. Black lines indicate the promoter regions containing AuxREs sequence or not, which are used in the ChIP assay. B Physical interactions of ARF7 with IPT5 and IPT7 promoters in Y1H assays. Yeast expression plasmids pGADT7-ARF7 (ARF7) are introduced into yeast strain Y1H Gold carrying the reporter gene AbAr under the control of the IPT promoters. The transformants were screened for their growth on the yeast synthetic defined media (SD/-Leu) in the presence of 75 ng/ml aureobasidin A (AbA) for stringent selection. The empty vector pGADT7 (AD) was included as a negative control. Yeast cultures were diluted (1:10 successive dilution series) and spotted onto plates. In the third lane, yeast strains carrying negative control pGADT7 growing in the presence of the toxic AbA are result from the high concentrated yeast cultures without dilution. The binding of ARF7 to IPT1 promoter is a false-positive since yeast strains carrying the negative control pGADT7 still grow at the same culture dilution. C ARF7 transactivates the promoters of IPTs in Arabidopsis protoplasts via transient dual-luciferase assays. The IPT-LUC reporters are co-transformed with 35S::ARF7-YFP plasmid exposed to 10 lM AlCl 3 for 12 h or not. The empty vector pBI221 is used as a negative control. * and **: means differ significantly as compared with the respective vector controls at, respectively, P < 0.05 and P < 0.01 (t-test). Values represent means AE SD (n=3). D ARF7 associated with the promoters of IPT7 in ChIP-qPCR assay. Chromatins isolated from 35S::MYC-ARF7 transgenic line were immunoprecipitated with anti-MYC antibody followed by qPCR to amplify selected regions. Segments P2, P4, and P3 were used as negative controls of IPT1, IPT5, and IPT7 genes, respectively. Mouse IgG was used as a mock control. Input sample was used to normalize the qPCR results in each ChIP. Error bars indicate standard error mean AE SD (n = 3); asterisks in (D) mark significant differences as compared with the IgG mock control (***P < 0.001, t-test). The experiments are repeated twice with similar results.
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The Authors inconsistency with the attenuated up-regulation of IPTpro:GFP expressions in the root TZ of the arf7 arf19 double mutant suggests a tissue or cell-specific manner of ARF7-regulated IPT expression under Al stress. Alternatively, these differences might reflect a shoot versus root response, as the protoplasts we used are shootderived, or be due to the limitations of the ChIP-qPCR setup we used. In addition, this might be also a result from redundant functions between ARF7 and ARF19 or other ARFs since ARF proteins often function as heterodimer proteins with other ARFs to mediate auxin signaling [60] . In our recent study, we found that ARF10 and ARF16 mediate auxin signaling to control Al-induced inhibition of root growth [7] . Therefore, ARF7 might also have a redundant role with ARF10/ARF16 to regulate IPTs local up-regulations in root TZ under Al stress. However, ARF10-and ARF16-involved transcriptional activations might be indirect since both ARF10 and ARF16 are classified as transcriptional repressors. CK-regulated root growth is mediated via either ethylene signaling or synthesis [39, 61] . Ethylene controls plant growth by regulating the transcription of ARR2 [62] , an example of cross talk between CK and ethylene. Ethylene also influences freezing tolerance in A. thaliana by its interaction with CK signaling [63] . The role of ethylene in Al-induced root growth inhibition has been highlighted recently through the regulation of TAA1-mediated local auxin biosynthesis in Arabidopsis root [46] . In this study, through the manipulation of ethylene levels or ethylene signaling via chemical treatment or mutant analysis, we found that Al stress-induced up-regulation of IPTs and CK response in the rootapex TZ was also regulated by ethylene, which acts upstream of auxin in this process (Figs 4 and 7 , and Appendix Figs S8, S12, S13, and S14).
In summary, based on this study and previous reports, we propose a working model of the hormone interactions (Fig 9) . The emerging picture is that CK plays a negative regulatory role in Al stress-regulated root growth. Al stress induces the local up-regulation of IPTs which is partially dependent on ARF7-mediated auxin signaling and ethylene signaling which acts upstream of auxin. The up-regulated local expression of IPTs thus increases CK levels and CK response in the root-apex TZ and eventually leads to the inhibition of root growth under Al stress. This study provides genetic and cellular evidence to explain the increased cytokinin level under Al stress which was observed in bean seedlings [64] . It is also consistent with the changed transcripts that putatively related to auxin, ethylene, and cytokinin under Al treatment [65] . However, we could not rule out the possibility that CK might directly or indirectly regulate ethylene biosynthesis through a feedback regulation. Whether CK is involved in Al-induced ethylene production still needs further studies in the future. Besides plant hormones, cell wall rigidity control and cell cycle checkpoint regulation also play a critical role in Al-induced root growth inhibition [66, 67] . The NAC family transcription factor SOG1 (suppressor of gamma response 1) participates in Al-inhibited root growth by direct regulation of cell cycle checkpoint genes ATR (Ataxia telangiectasia and RAD3 related) and ALT2 (ALUMINUM TOLERANT 2). Furthermore, SOG1 could induce the expression of DNA damage genes, including BRCA1 and PARP2, through direct interaction with their promoters [67] [68] [69] . In addition, organic acids such as citric acid and malate acid, which are transported by the malate transporter ALMT1 (aluminum-activated malate transporter 1) and the citrate-transporter MATE (multidrug and toxic compound extrusion), respectively, detoxify Al stress by chelated aluminum ion cations [70, 71] . A recent study showed that the auxin-regulated root growth inhibition under Al stress arises from auxin signaling-regulated modification of cell wall structure or components [7] . Whether auxin and other plant hormones regulate cell wall rigidity and cell cycle checkpoints still requires further investigations. This study also points out a different interaction module in auxin and CK cross talk-regulated root growth in Arabidopsis under Al stress conditions (Fig 9) . Based on previous studies, the current general view is that auxin primarily acts antagonistically with CK to control root development [20, 34, 35, 61] . Auxin and CK were identified to act in an antagonistic manner to control root meristem size by promoting cell division and differentiation, respectively [19, 41] . To specify the root stem-cell niche during embryogenesis, auxin represses cytokinin action by activating expression of ARR7 and ARR15, which encode type-A ARR proteins that repress CK responses [36] . However, the interaction between auxin and CK differs in the activity of the apical meristems in the root and shoot. Auxin acts synergistically with CK through direct transcriptional repression of ARR7 and ARR15 in the control of shoot apical meristems [37, 38] . In addition, the synergistic interaction between auxin and CK was also recently reported to control root vascular tissue formation [72] . Overall, auxin and CK could also act in a synergistic way in root. This raises the intriguing question whether antagonistic or synergistic auxin-CK interactions are tissue or cell-specific processes in plant development. In addition, it has been reported that nitrate-regulated plant growth is also mediated through the regulation of cytokinin biosynthesis in Arabidopsis [73] . Nutrients such as phosphorus (P) addition could alleviate Al toxicity in plants [74] . Furthermore, it seems that environmental stress, such as Al stress, can rewire the auxin-cytokinin cross talk to regulate root growth based on this study. Therefore, it will be interesting to study whether the nutrient status also influences Al-induced root growth inhibition through the regulation of CK synthesis or signaling.
Materials and Methods
Plant materials and growth conditions
All of the A. thaliana mutants and transgenics employed shared the same (Col-0) genetic background. The mutants involved were arr1-3, arr12-1, arr1 arr12, arr1 arr10 arr12 [75] , cre1-12, ahk3, cre1 ahk2, cre1 ahk3 [76] , ipt3-2 (KG21969), ipt5-2 (SALK_133407), ipt7-1 (SALK_001940), ipt3 ipt5, ipt5 ipt7, ipt3 ipt7, ipt1 ipt3 ipt5 ipt7 [26] , ckx3-1 [77] , ein3 eil1-1 [54] , taa1-1 [53] , slr-1 [50, 78] , arf10 arf16 [49] , and arf7 arf19 [51] , and the transgenic lines were IPT3 pro: IPT3-GFP [26] , 35S pro :ARR1-HA, and 35S pro :ARR12-Myc [79] . The TAA1 product mediates the conversion of tryptophan to indole-3-pyruvic acid in the indole-3-pyruvic acid pathway [53, 80] ; SLR encodes IAA14, a member of the Aux/IAA protein family; ARFs are auxin response factors [81] . We used previously published transgenics with either the CK sensor TCSn:GFP [47] or the auxin reporter DR5rev:GFP [49] . Seedlings were grown on either agar-solidified medium or hydroponically 2% modified MGRL (pH 5.0) [7] under a 16-h photoperiod at 22°C.
Treatments and experimental conditions
For all the experiments in this study, we used the low ionic strength of the nutrient solution (2% ionic strength of the MGRL nutrient solution [82] ). This system has been successfully established by Koyama's laboratory [83] and our laboratory [7] . For root growth analysis, the seeds were sown onto polypropylene mesh floating on 2% modified MGRL solution containing Al (total [AlCl 3 ] 0-8 lM, pH 5.0) or Al plus PEO-IAA, NAA, ACC, 6-BA, or AVG (pH 5.0) (pH 4.2-5.5) for 7 days. The solution was renewed every 2 days. At day 7, the roots were scanned and primary root length was calculated with ImageJ software.
For short-term exposure experiments, the seedlings were raised for 6 days in 2% modified MGRL (pH 5.0) solution and then subjected to 25 lM AlCl 3 , 4 lM CdCl 2 , 2.5 lM LaCl 3 , or 1 lM CuCl 2 for 2 h in the presence or absence of combinations of NAA, PEO-IAA, BA, ACC, or AVG. Solutions were replaced every other day. For all the treatments (e.g., ÀAl/+Al, with chemical or without chemicals), controls were performed at the same time.
Plasmid construction and generation of transgenic lines
The ARR1 pro :GFP, ARR10 pro :GFP (1,467-bp promoter), and ARR12 pro : GFP (1,654-bp promoter) were generated using the vector pMDC107 Gateway recombination system (Invitrogen, Carlsbad, CA, USA). For the generation of IPT1 pro :GFP, IPT2 pro :GFP, IPT5 pro :GFP, IPT7 pro : GFP, IPT9 pro :GFP, ARR3 pro :GFP, ARR4 pro :GFP transgenic lines, promoters were amplified from genomic DNA and inserted into pDONR221 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Afterward the ARR3 pro :GFP, ARR4 pro :GFP, and IPT pro :GFP constructs were generated using Gateway technology (www.thermofisher.com/gateway.html) by cloning these promoters into the binary vector pKGWFS7. Primers used for these constructs are listed in Appendix Table S2 . Plants were transformed by employing the floral dip method using the Agrobacterium tumefaciens strain GV3101.
Confocal microscopy
Confocal micrographs were captured using a LSM-700 device (Zeiss, Germany). To visualize the stress-induced expression of DR5rev:: GFP, TCSn:GFP, ARR1 pro :GFP, ARR3 pro :GFP, ARR4 pro :GFP, ARR10 pro : GFP, ARR12 pro :GFP, IPT1 pro :GFP, IPT2 pro :GFP, IPT3 pro :IPT3-GFP, IPT5 pro :GFP, IPT7 pro :GFP, IPT9 pro :GFP transgenes, seedlings were grown in non-supplemented nutrient solution for six days and then transferred to 25 lM AlCl 3 for 2 h. T3 generations are used in all the experiments. We selected all least three independent lines for each construct to observe the expression pattern with or without Al (25 lM AlCl 3 for 2 h) treatment. One representative line was selected for crosses or other chemical treatments. The roots were stained in propidium iodide to distinguish between living and dead cells. Roots were imaged in water supplemented with propidium iodide (PI, 10 lg/ml). PI and green fluorescent protein (GFP) were viewed at excitation wavelengths of 488 nm and 561 nm, respectively. Fluorescence emission was collected at 575 nm for PI and between 500 and 530 nm band pass for GFP. All of the confocal pictures are taken with a single plane, and 10 slices were used for each scanning. The representative images and images used for quantification are all from 10 slice constructions. The quantified fluorescent intensity is an average of selected regions of each seedling by ZEN2011 software, and these images are encoded in 16 bytes.
Yeast one-hybrid (Y1H) assays
Yeast one-hybrid (Y1H) assays were carried out by using the Matchmaker Gold Yeast One-Hybrid Library Screening System (Clontech). To prepare constructs for the yeast one-hybrid assay, the promoter regions of IPT1, IPT5, and IPT7 were amplified by PCR and cloned into the pAbAi vector. To generate AD-ARF7, the coding sequence of ARF7 was amplified by PCR with the respective primers and cloned into the pGAD-T7 vector (Clontech). The yeast one-hybrid assay was performed according to the Yeast Protocols Handbook (Clontech). Briefly, the bait vector was linearized and introduced into yeast strain Y1H Gold to make a bait-reporter strain, and then the prey vector was transferred into the aforementioned baitreporter yeast strain. Transformants were grown on SD/-Leu dropout plates containing 75 ng/ml aureobasidin A. Primers used for generating various clones are listed in Appendix Table S2 .
Dual-luciferase transient expression assay in Arabidopsis protoplasts
For dual-luciferase assays, promoter fragments of IPT, IPT5, and IPT7 were amplified by using specific primers and cloned into the pGreen0800-LUC vector [84] . The ARF7 effector construct was the 35S::ARF7-YFP. For this construct, the ARF7 coding fragment was amplified by PCR and inserted into pDONR221 (Invitrogen). Then, the fragments were cloned into the Gateway-compatible vector pBI221 by LR reaction. Firefly luciferase (LUC) reporters (pIPT:LUC) driven by the IPT promoter and 35S promoter driving the full-length ARF7 cDNA (35S::ARF7-YFP) was used as an effector, and the empty vector was included as a control. The reporter and effector constructs were co-transformed into Arabidopsis protoplasts in the presence or absence of Al stress. The LUC and REN activities were measured, and the LUC activity was normalized to REN activity. Protoplasts were isolated from Arabidopsis Col-0 plants as described [85] and transformed with 35S::ARF7-YFP effector construct together with IPT1p:LUC, IPT5p:LUC, or IPT7p:LUC reporter constructs by the poly (ethylene glycol)-mediated method [86] . Firefly and Renilla luciferase activities were quantified by using a dual-luciferase assay kit (Promega) and detected by use of a Synergy 2 multimode microplate (BioTek) as described [85] . Primers used for generating various clones are listed in Appendix Table S2 .
ChIP-qPCR
For ChIP-qPCR assays, promoter fragments of IPT, IPT5, and IPT7 were amplified by using specific primers which are listed in Appendix Table S3 . The ARF7 recombinant construct was the 35S:: MYC-ARF7. For this construct, the ARF7 coding fragment was amplified by PCR and inserted into pDONR221 (Invitrogen). Then, the fragments were cloned into the Gateway-compatible vector pGWB18 by LR reaction. The seedlings of 14-day-old 35S::MYC-ARF7 plants were harvested and cross-linked with 1% formaldehyde. ChIP was carried out using the EpiQuik Plant ChIP Kit (Epigentek, Brooklyn, NY, USA) with the antibody against MYC (ab9132; Abcam). Input samples and immunoprecipitated samples were analyzed by qPCR. Segments P2, P4, and P3 were used as negative control of IPT1, IPT5, and IPT7 genes, respectively. Mouse IgG was used as a mock control. Input sample was used to normalize the qPCR results in each ChIP analysis.
RNA isolation and quantitative real-time PCR (qRT-PCR)
The roots were harvested and shock-frozen in liquid nitrogen. Total RNA was isolated using TriPure isolation reagent (Roche), and firststrand cDNA was synthesized from 1 lg of total RNA using Transcriptor First Strand cDNA Synthesis Kit (Roche) following the manufacturer's protocol. Quantitative real-time PCR was performed using the CFX Connect TM Real-Time System (Bio-Rad) with FastStart Universal SYBR Green Master (Rox) (Roche). For each qRT assay, we included three technical replicates and did three biological repeats with RNA extracted from at least 100 seedling roots. Values were normalized to the expression levels of UBQ1. The primers used for qRT-PCR are listed in Appendix Table S1 .
Statistical analysis
Normality analysis and homogeneity test were performed before statistical analysis, and the unitized data satisfied both normal distribution and homoscedasticity (P > 0.05). Data sets were analyzed using Prism 6 software (GraphPad Software). Comparisons between two groups were made using Student's t-test. All values were presented as mean AE SD; values of P < 0.05 were considered significant. *, **, *** denote differences significant at, respectively, P < 0.05, < 0.01, and < 0.001. Comparisons between multiple groups were made using one-way ANOVA and Tukey's test. Different letters indicate significant differences (P < 0.01). NM_121909), IPT7 (AT3G23630, NM_113267), IPT9 (AT5G20040, NM_122011).
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